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Structural properties of large NO3
- · (H2O)n (n ) 15-500) clusters are studied by Monte Carlo simulations

using effective fragment potentials (EFPs) and by classical molecular dynamics simulations using a polarizable
empirical force field. The simulation results are analyzed with a focus on the description of hydrogen bonding
and solvation in the clusters. In addition, a comparison between the electronic structure based EFP and the
classical force field description of the 32 water cluster system is presented. The EFP simulations, which
focused on the cases of n ) 15 and 32, show an internal, fully solvated structure and a “surface adsorbed”
structure for the 32 water cluster at 300 K, with the latter configuration being more probable. The internal
solvated structure and the “surface adsorbed” structure differ considerably in their hydrogen bonding
coordination numbers. The force field based simulations agree qualitatively with these results, and the local
geometry of NO3

- and solvation at the surface-adsorbed site in the force field simulations are similar to those
predicted using EFPs. Differences and similarities between the description of hydrogen bonding of the anion
in the two approaches are discussed. Extensive classical force field based simulations at 250 K predict that
long time scale stability of “internal” NO3

-, which is characteristic of extended bulk aqueous interfaces,
emerges only for n > 300. Ab initio Møller-Plesset perturbation theory is used to test the geometries of
selected surface and interior anions for n ) 32, and the results are compared to the EFP and MD simulations.
Qualitatively, all approaches agree that surface structures are preferred over the interior structures for clusters
of this size. The relatively large aqueous clusters of NO3

- studied here are of comparable size to clusters that
lead to new particle formation in air. Nitrate ions on the surface of such clusters may have significantly
different photochemistry than the internal species. The possible implications of surface-adsorbed nitrate ions
for atmospheric chemistry are discussed.

I. Introduction

The nitrate anion (NO3
-) is one of the most abundant ions in

the atmosphere.1,2 It plays an important role in many atmospheric
chemical1,2 and biological3,4 processes. The chemistry and the
photochemistry of NO3

- ions in aqueous aerosols may strongly
depend on whether the ions are solvated in the bulk or whether
they are present at the surface of the aerosol.5 Therefore,
understanding the solvation of NO3

- and its propensity for the
surface of aqueous solutions is important.

The behavior of nitrate ions at the air-solution interface of
aqueous nitrate solutions has been the subject of a growing
number of experimental investigations in recent years. Nonlinear
vibrational spectroscopic measurements that probe environments
lacking inversion symmetry, specifically, vibrational sum fre-
quency generation (SFG) and second harmonic generation
(SHG), have been used to study the interfaces of aqueous nitrate

solutions. SFG spectra covering the range of frequencies of
water O-H stretching vibrations have provided indirect evidence
for the presence of nitrate ions in the vicinity of the air-water
interface signaled by their perturbation of the water hydrogen
bonding network.6,7 The presence of nitrate in the interfacial
region has also been demonstrated by direct SFG detection of
the nitrate symmetric stretching mode.8 However, SFG measure-
ments are not capable of determining the precise location and
details of the solvation of the ions, nor their relative concentra-
tion in the interfacial region versus the bulk. UV-SHG experi-
ments have also been employed to directly probe the presence
of nitrate at the air-water interface.9 The concentration
dependence of the SHG intensity could be fit to a Langmuir
adsorption isotherm, consistent with nitrate adsorption at the
interface, but the free energy of adsorption could not be
determined precisely from the fits. Thus, as in the case of the
SFG data, the SHG data do not permit the amount of nitrate in
the interfacial region to be accurately quantified. Electrospray
ionization mass spectrometry measurements suggest that the
affinity of nitrate for the air-water interface is slightly greater
than that of bromide,10 an ion that is generally considered to
adsorb to the interface.11 In contrast, analysis of surface tension
data based on a thermodynamic partitioning model has led to
the conclusion that the concentration of nitrate at the air-water
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interface is the same as that in the bulk.12 Very recently, depth-
resolved X-ray photoemission measurements were used to
directly measure the concentration profile of nitrate ions at the
air-solution interface.13 These experiments clearly showed that
nitrate is present in the interfacial region but at a substantially
lower concentration than in the bulk.

The first molecular dynamics (MD) simulation study of the
behavior of nitrate at the air-solution interface suggested that
nitrate has a propensity to adsorb to the air-water interface.13,14

This conclusion was reached on the basis of the observation
that the nitrate ion remained at the interface for several hundred
picoseconds when a polarizable force field was employed. The
force field results were corroborated by a density functional
theory (DFT) MD simulation of a NO3

- · (H2O)10 cluster, in
which the forces were obtained from the electronic structure
computed via DFT with the BLYP exchange-correlation func-
tional, that demonstrated the preference of the ion for the surface
of the cluster.14 Although the cluster results have not yet been
called into question, subsequent more extensive force field based
studies of nitrate at extended bulk solution-air interfaces have
consistently predicted that, while the nitrate ion is capable of
visiting the interface, its concentration in the interfacial region
is substantially depleted relative to the bulk solution,15-17 in
contrast to the original suggestion of a pronounced interfacial
propensity.13,14 A careful comparison with X-ray photoemission
data has demonstrated semiquantitative agreement between the
depth-dependence of the nitrate concentration extracted from
the experimental data and that predicted by one of the more
recent MD simulations employing a polarizable force field.13

A full understanding of the role of the interfacial environment
in determining the reactivity of nitrate ions at aqueous surfaces
in the atmosphere requires a more detailed description of the
microsolvation of nitrate in interfacial settings over a range of
atmospheric conditions. Electronic structure calculations and
spectroscopic measurements have provided insight into the
solvation of nitrate in small clusters containing up to six water
molecules at low temperatures,18-22 but data on larger clusters
at ambient temperatures is lacking.

We focus here on the solvation of NO3
- in relatively large

water clusters, which are of interest for several reasons. First,
while clusters are small compared with bulk systems, they may
nevertheless provide insights into the behavior in the condensed
phase and at extended bulk interfaces. Second, small to modest-
sized clusters can be modeled realistically by more rigorous
methods, and such systems can therefore serve as a proving
ground for tools used for larger clusters and extended interfacial
systems. Finally, the investigation of the dependence of various
properties on cluster size may provide new fundamental insights
into the bulk versus interfacial solvation of nitrate ions.

One of the main challenges in theoretical investigations of
ion solvation is the development of an accurate description of
ion-solvent interactions. One can gain insight into ion-water
interactions at the molecular level by using a quantum mechan-
ical description of the forces. Molecular anions have complex
charge distributions, so that electronic structure-based methods
have unique advantages. However, an obvious disadvantage is
the prohibitive increase in cost as the cluster size grows. Thus,
empirical force fields are presently the most practical tool
available for the theoretical investigation of the solvation of
anions in very large water clusters and in bulk solution.
Comparison of the two approaches for clusters of intermediate
sizes is therefore of considerable value for establishing the
accuracy of force fields.

In this paper, we report a theoretical study of the solvation
of NO3

- in water clusters, NO3
- · (H2O)n, with n ) 32-500,

that employed three approaches. The first is Monte Carlo (MC)
simulations based on an electronic structure-based potential
called the “effective fragment potential” (EFP). The EFP method
is feasible for cluster sizes of up to 32 or more water molecules
and can be used to test the empirical force field. The second
method is classical MD simulations based on an empirical
polarizable force field. The third method is second order
Møller-Plesset perturbation theory (MP2), which is used to
optimize selected structures for n ) 32. The empirical force
field is computationally applicable to larger clusters and bulk
solutions. Thus, we present EFP results for n ) 15 and n ) 32,
and we use n ) 32 for detailed comparisons with the force field
based simulations and MP2. We also investigate the dependence
of the surface propensity of NO3

- on cluster size using force
field based simulations of clusters with n ) 100, 300, and 500
water molecules. Both the EFP and the force field based
simulations predict that NO3

- strongly prefers to reside on the
surface of the cluster with n ) 32, while MP2 predicts that
surface structures are slightly preferred over the interi-
or structures. The force field based simulations predict that the
surface propensity persists in clusters as large as n ) 300, and
that the preference of NO3

- for the interior that has been
demonstrated by both simulation and experimental investigations
of bulk solutions13,15-17 does not set in until n > 300 water
molecules. The implications of the surface preference for NO3

-

in large clusters (n ) 15-300) for atmospheric chemistry are
discussed.

II. Methods

A. Effective Fragment Potential (EFP) Calculations. The
EFP method, developed by Gordon and co-workers,23,24 is a
semiclassical model potential, derived from electronic structure
theory, for computing intermolecular interactions between
solutes and solvents or between solvent molecules. Central to
the EFP is the evaluation of the charge distribution within the
molecules based on first principles algorithms. The EFP
approach has been successfully applied to the solvation of atomic
anions in water clusters (X- · (H2O)n).25,26 This paper presents
the first application of the EFP approach to a solvated molecular
anion, NO3

-.
Global minimum energy structure searches were performed

using the MP2 level of theory and the DH(d,p)27 basis set for
the NO3

- anion. All of the water molecules were treated within
the EFP framework. The general atomic and molecular elec-
tronic structure system GAMESS28 was used for all of the EFP-
based calculations.

Searches for the minimum energy structures, including the
global minimum on the NO3

- · (H2O)32 potential energy
surfaces, used a MC29/simulated annealing (SA)30 code. The
utilization of MC with EFP and the use of EFP itself have
several advantages over electronic-structure methods and force
field potentials. First, the EFP method can be used directly with
MC simulations and thus is applicable to sampling an equilib-
rium thermodynamic distribution of structures, while with ab
initio electronic structure methods, only optimized structures
can usually be obtained, because of the limitations of computer
resources. For the calculation of room-temperature properties
of floppy systems such as ion-water clusters, thermal fluctua-
tions are clearly essential. Second, the energies of the equilib-
rium structures have been corrected with zero point energies,
while in classical MD simulations, quantum effects are not taken
into account. Finally, the EFP is not subject to the potential
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fitting and parametrization errors that could affect the accuracy
of empirical force field based descriptions of NO3

-/water
interactions.

MC/SA was used to initiate structure searches at 600 K and
then to slowly cool the systems to 300 K. Geometry optimiza-
tions (at 0 K) were performed after every 10 steps in the MC
simulations. All of the energies reported here include zero point
energy (ZPE) corrections obtained from the Hessian, which is
the matrix of the second derivative of the potential energy with
respect to the nuclear coordinates. The total number of local
minimum structures collected from the simulations for
NO3

- · (H2O)32 is 35. All of the structures that were sampled in
the simulations were verified to be local minima by ensuring
that no negative eigenvalues (corresponding to imaginary
frequencies) were present in the Hessian.

The population, Pj, of each structure j extracted from the
simulations is computed using eq 1:

where ∆Ej is the energy difference between the jth structure
and the global minimum structure of a given cluster, T ) 300
K, and kB is the Boltzmann constant. Average energies are
computed using eq 2:

in which the sum runs over the structures in a given class (e.g.,
structures with NO3

- on the surface or in the interior of the
cluster).

B. Polarizable Force Field Based MD Simulations. Simu-
lations of clusters containing one NO3

- ion and a given number
of water molecules (n ) 32, 100, 300, and 500) were performed
using classical molecular dynamics. In order to obtain stable
clusters, the velocities were reassigned periodically during the
simulation to provide an average temperature of 250 K. For
the cluster containing 32 waters, the velocities were reassigned
every 100 time steps, while for the larger clusters the velocities
were reassigned every 1000 time steps. All simulations were
carried out using the Amber 8 suite of programs.31 The internal
degrees of freedom of the water molecules were constrained
using the SHAKE algorithm.32 All of the simulations consisted
of 500 ps equilibration followed by 3 ns production runs using
a time step of 1 fs. For clusters containing up to 300 waters, all
pair interactions were calculated explicitly (i.e., the nonbonded
interactions were not truncated). For the 500 water cluster,
periodic boundary conditions were employed, and the electro-
static interactions were calculated using the particle mesh Ewald
method33,34 with a neutralizing background and a real space
cutoff of 12 Å. The 500 water cluster was placed in a large
cubic box with an edge length of 150 Å to approximate an
isolated cluster.

A polarizable force field was used for both water and NO3
-.

Water molecules were modeled using the POL3 water model.35

The force field for nitrate, adapted from the model used by
Salvador and co-workers,14 represents the polarizability by equal
contributions from each NO3

- oxygen (R ) 1.49 Å3). The nitrate
ion geometry is fixed using artificial O-O bonds in the
simulations. The nitrate force field parameters used in the present
study are summarized in Table 1. In order to avoid the

polarization catastrophe,36 induced dipoles have been calculated
using a method developed previously with the scaling chosen
to preserve the properties of neat water.37 The force field
employed here has been shown to perform well at reproducing
the thermodynamic properties and composition of bulk interfaces
of concentrated nitrate solutions.13,17

C. Møller-Plesset Perturbation Theory (MP2). To ex-
amine the structures obtained from EFP simulations, MP2 single
point energies were calculated for all 35 of the n ) 32 structures.
Then, three structures were chosen from the EFP simulations
at n ) 32 for further optimization using MP2: the global
minimum structure (a surface anion) and the two lowest-energy
interior anion structures. All water molecules were represented
with MP2, rather than EFP potentials. The DH(d,p) basis set
used to describe the anion in the EFP simulations was used for
every atom in the MP2 optimizations. For a system of this size,
it is not feasible to use larger basis sets. MP2 calculations scale
as N5, where N is the number of basis functions, and each single-
point MP2 calculation for the n ) 32 cluster is, therefore, quite
costly. Thus, the MP2 calculation for this large system with
the basis set used is a state-of-the-art effort.

III. Results and Discussion

A. Simulations with Effective Fragment Potentials: Struc-
tural Properties of NO3

- · (H2O)32. 1. Distribution of Struc-
tures with NO3

- in the Interior and on the Surface. In this
section, we characterize the solvation of NO3

- both in the
interior and on the surface of water clusters using configurations
generated with the EFP method. The total number of different
structures collected from the simulation of NO3

- · (H2O)32 is 35.
Among these, NO3

- is in the interior in 6 of the configurations
and on the surface in 29 configurations. All of the structures
sampled in the simulation are either local minima or the global
minimum.

Two surface structures with relatively high population prob-
abilities were predicted using MP2 energies at the EFP
geometries. The global minimum, which is statistically the most
important structure found in the simulations, predicts that NO3

-

will reside on the surface of the cluster (Figure 1a). The surface
structure shown in Figure 1b is nearly isoenergetic with the
global minimum, with only ∼0.01 kcal/mol separating them.
The populations of the structures are computed using eq 1. These
two structures (Figure 1a,b) are fairly similar, and the percentage
of population for each of these two structures is 45%; that is,
together they represent 90% of the population. Another surface
adsorbed structure that constitutes a relatively minor population
(1%) is shown in Figure 1c. This surface structure differs from
the other two lower energy surface structures primarily with
respect to the arrangement of the water molecules. The energy
difference between the surface structure shown in Figure 1c and
the global minimum surface structure is only ∼1 kcal/mol. The
slightly higher energy of the structure in Figure 1c versus the
structures in Figure 1a,b is presumably due to the presence of
a couple of water molecules with low hydrogen bonding

Pj )
e-∆Ej/kBT

∑
j

e-∆Ej/kBT
(1)

〈E〉 ) ∑
j

PjEj (2)

TABLE 1: Polarizable Force Field Parameters for NO3
-

Used in the Present Study Given in the Amber31 Conventiona

atom q (e) R (Å3) Rmin (Å) ε (kcal/mol)

N (nitrate) +0.950 0.000 1.880 0.170
O (nitrate) -0.650 1.490 1.800 0.160

a q is the atomic charge; R is the atomic polarizability, and Rmin

and ε are the position and depth of the minimum, respectively, of
the Lennard-Jones potential.
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coordination. The population of each of the other 26 surface
structures obtained in the simulations (not shown here) is much
less than 1%, and the energy differences of these structures from
the global minimum are in the range of 3-20 kcal/mol. The
sum of the populations of all of these other structures is only
∼8%.

Six interior structures were obtained in the simulations, but
there is only one significant interior structure due to its greater
stability than the other interior structures. The population of
the lowest energy interior structure, shown in Figure 1d, is only
∼4 × 10-4%. The energy difference between this structure and
the global minimum surface structure is 7 kcal/mol. The
contribution of each of the other 26 surface structures obtained
in the simulations (not shown here) is much less than 1%, and
the energy difference of these structures from the global
minimum is relatively high. For example, the energy difference
between the second-lowest energy interior structure (Figure 1e)
relative to the global minimum (Figure 1a) is 12.8 kcal/mol.
The population ratio between surface and interior structures is
99.9996:0.0004. Thus, it is safe to say that, in the relatively
small n ) 32 cluster, the NO3

- is almost always on the surface
and almost never inside the cluster at the MP2/EFP level of
theory.

The average energies of both the surface and the interior
structures of NO3

- · (H2O)32 were computed using eq 2. The
difference between the average energy of the interior structures
and the average energy of the surface structures (see eq 2), 7
kcal/mol, is a measure of the stability of the surface versus
interior of NO3

- in a cluster of 32 water molecules at the MP2/
EFP level of theory.

2. Structure and SolWation of NO3
- at the Surface and in

the Interior. The structural properties of both surface and interior
structures are characterized using the following four properties:
the number of solvated O atoms of the NO3

-, the number of
water molecules that have hydrogen bonds with the three O
atoms in NO3

-, the lengths of hydrogen bonds between NO3
-

and water molecules, and the Nnitrate-Onitrate-Hwater (NOH) angle.
We define the number of solvated O atoms as the number of

O atoms of NO3
- that are hydrogen bonded to water molecules.

The criterion used to define a hydrogen bond is a distance less
than 2 Å. The number of solvated O atoms in NO3

- for the
surface structures of NO3

- · (H2O)32 is predominately one

(∼43%) or two (∼47%). Only a few structures (∼10%) have
all three oxygen atoms in NO3

- hydrogen bonded to water
molecules. In a few cases, one O atom in NO3

- has more than
one hydrogen bond. For the interior structures, the number of
solvated O atoms in NO3

- is either two (∼55%) or three
(∼45%).

The coordination number is defined as the number of water
molecules that hydrogen bond with the O atoms in NO3

-. There
may be more than one water molecule that participates in
hydrogen bonding with an individual O atom in NO3

-. The
coordination numbers predicted for the surface structures of
NO3

- · (H2O)32 are in the range of 1-4, with the most probable
number of water molecules around the ion being 2 or 3. For
interior structures, the coordination numbers are predominantly
3 and 4 (86% of the structures), and 5 in relatively few cases
(14% of the structures). As expected, the coordination numbers
for the interior structures are larger than those for the surface
structure.

Additional information on the solvation of nitrate in
NO3

- · (H2O)32 is provided by the distribution of the distances
between each of the nitrate O atoms and the H atoms of
coordinating water molecules. It is found that 48% of the
structures with nitrate on the surface have Onitrate-Hwater distances
of 1.95-2.00 Å, 36% have distances of 1.90-1.95 Å, and only
16% have distances of 1.85-1.90 Å. In the interior structures,
the most probable value of the hydrogen bond distance is in
the range 1.85-1.90 Å. Thus, the distribution is shifted to
shorter distances, and this indicates that the NO3

-/water
hydrogen bonding is stronger for the interior structures. The
fact that the interior site is much higher in total energy than the
surface is most likely due to the disruption of the water-water
hydrogen-bonded network in the interior sites. Thus, while NO3

-

can make reasonably strong hydrogen bonds with water
molecules, these do not sufficiently compensate for the disrup-
tion of water-water hydrogen bonds, at least in small clusters.

The Nnitrate-Onitrate-Hwater (NOH) angle provides a metric for
discriminating between interior and surface solvation of NO3

-.
The preferred angle for both interior and surface structures lies
in the range 90-110°; 38% of the interior structures have an
angle of 90-100°, while 46% of the surface structures have an
angle of 100-110°. The interior structures have a small

Figure 1. EFP minimum energy structures for NO3
- · (H2O)32: (a) nitrate on the surface, global minimum structure; (b,c) nitrate on the surface,

local minima; (d) nitrate inside the cluster, local minimum; (e) second lowest-energy interior anion structure. Coloring scheme used throughout the
paper: O, red; N, blue; H, light gray. Hydrogen bonds, defined by a geometric criterion (Owater · · ·Onitrate distance < 3.0 Å, Onitrate · · ·Owater-Hwater

angle < 30°), are shown as dotted black lines.
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population (∼4%) of angles in the range of 140-150°, while
none of the surface structures have NOH angles in this range.

B. Cluster Size Effect in the Small Cluster Regime:
NO3

- · (H2O)15 versus NO3
- · (H2O)32. In contrast to n ) 32,

for which there is a stable local minimum with the nitrate ion
in the interior of the cluster (albeit with very low population),
there is (on the basis of the EFP calculations) no stable interior
site for n ) 15. There are, however, several distinct surface
structures. The global minimum, which is statistically the most
important structure found in the simulations (58% population),
is the surface adsorbed structure shown in Figure 2a. The surface
structure that is depicted in Figure 2b is a local minimum with
a population of 38%, which is ∼0.25 kcal/mol higher in energy
than the global minimum structure. The populations of the other
surface structures obtained in the simulations (not shown here)
are 1% or smaller, and the energy differences of these structures
from the global minimum are in the range of 2-10 kcal/mol.

The number of solvated nitrate O atoms for the NO3
- · (H2O)15

surface structures is predominately one or three (33% for one
solvated O atom and 33% for three solvated O atoms). However,
18% of the structures have two nitrate O atoms hydrogen bonded
to water molecules. As noted earlier, the number of solvated
nitrate O atoms in NO3

- · (H2O)32 surface structures is predomi-
nately one or two. Only a few structures (∼10%) have three
NO3

- oxygen atoms that are hydrogen bonded to water
molecules.

The coordination numbers predicted for the NO3
- · (H2O)15

surface structures are in the range of 1-3, with the most
probable number of water molecules around the ion being 1-2
(∼84% of the population). This can be compared to the
coordination numbers predicted for the surface structures of
NO3

- · (H2O)32, which are in the range of 1-4, with the most
probable number of water molecules around the ion being 2-3.

For the NO3
- · (H2O)15 surface structures, 45% have hydrogen

bond distances of 1.95-2.00 Å, 37% have hydrogen bond
distances of 1.90-1.95 Å, 16% have hydrogen bond distances
of 1.85-1.90 Å, and only 2% have hydrogen bond distances
of 1.80-1.85 Å. This is very similar to that found for the cluster
with 32 water molecules, indicating that the hydrogen bond
distances are not very sensitive to cluster size.

The preferred NOH angle for NO3
- · (H2O)32 surface structures

lies between 90-110°, as 48% of the surface structures have
an angle of 100-110°. For the smaller NO3

- · (H2O)15 cluster,
the preferred angle in surface structures also lies in the range
90-110°; 31% of the surface structures have an angle of
100-110°. However, 24% of the surface structures of
NO3

- · (H2O)15 have angles lying between 120 and 130°.
To summarize the results of the EFP calculations reported

thus far, the n ) 15 and n ) 32 clusters differ somewhat in
their structural properties, insofar as the location of the NO3

-

ion is concerned. The n ) 15 cluster has more than one
important surface-like structure. This cluster may be more

“floppy” and structureless because it is very small. However,
for n ) 32, both well-defined surface and internal structures
are predicted, although the surface location is overwhelmingly
more favorable energetically, and one can describe the solvating
water molecules as forming a “droplet” shape.

C. Structure and Ion Solvation in NO3
- · (H2O)32: Force

Field Based MD Simulations Versus EFP. The relatively
minor computational cost of the empirical force field permits
extensive sampling of the ion position and solvation in large
nitrate-water clusters during a MD simulation at 250 K. The
MD simulation of NO3

- · (H2O)32 was initiated with the ion in
the center of the cluster. The ion rapidly went to the surface of
the cluster during the equilibration and never returned to the
interior during the 3 ns production run. The water O radial
density profile, F(r), and the probability of finding the nitrate
N atom at a distance r from the cluster center-of-mass are plotted
in Figure 3a. The water density is consistent with a diffuse
droplet shape with an average radius of ∼5 Å. The NO3

-

probability distribution shows that the ion is exclusively located
on the surface of the cluster, on average, ∼4.5 Å from the center-
of-mass. The representative snapshot from the MD simulation
depicted in Figure 3b shows that cluster shape and the ion
arrangement on the cluster are similar to the corresponding
attributes of the highest probability clusters generated by the
EFP (Figure 1a-c). Thus, both the force field and the EFP
predict that the predominant structures of NO3

- · (H2O)32 have
the nitrate ion sitting on the surface with its plane parallel to
the water-vacuum “interface”.

Although the force field and EFP agree that NO3
- predomi-

nantly resides on the surface of NO3
- · (H2O)32, there are some

noteworthy discrepancies in the details of the ion solvation
predicted by the two methods. For example, the Onitrate-Hwater

radial distribution functions g(r) plotted in Figure 4 reveal subtle
differences in hydrogen bonding. The EFP result was computed
by only considering configurations in which the NO3

- ion is
on the surface of the cluster. While the g(r) computed from the
EFP-generated configurations is noisier because of limited
sampling, both the EFP and the force field results display sharp
first and relatively broad second peaks, indicating the existence
of a tight first and diffuse second solvation shell. The positions
of the first and second peaks from the force field based
simulation, 1.8 Å and 3.1 Å, respectively, are significantly
smaller than the corresponding values from the EFP calculations,
2.1 Å and 3.4 Å, respectively. Thus, the force field predicts
shorter nitrate-water hydrogen bonds than the EFP.

Additional details on the nitrate-water interactions are
provided by the histograms of the number of nitrate O atoms
that are solvated by water molecules, plotted in Figure 5 as a
function of the Onitrate-Hwater cutoff distance used to define a
nitrate-water hydrogen bond. Overall, these plots are consistent
with the conclusion from the g(r) data that the force field predicts

Figure 2. EFP minimum energy structures for NO3
- · (H2O)15: (a)

nitrate on the surface, global minimum; (b) nitrate on the surface, local
minimum. Dotted black lines indicate hydrogen bonds defined using
the geometric criterion given in the caption to Figure 1.

Figure 3. (a) Water density profile (red curve) and radial probability
distribution of the nitrate N atom (blue curve) plotted vs the distance
from the center-of-mass in the force field based MD simulation of
NO3

- · (H2O)32. (b) Snapshot from the MD simulation of NO3
- · (H2O)32.
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shorter hydrogen bonds than the EFP method does, in the sense
that more hydrogen bonds are counted at short cutoff distances
in the force field results versus the EFP. In the discussion of
liquid structure, the position of the first minimum in g(r) is used
to define the spatial extent of the first solvation shell. If the
hydrogen bond cutoff is defined by the position of the first
minimum in the Onitrate-Hwater g(r), which occurs at 2.3-2.4
Å, then both the EFP and the force field based simulations

consistently predict that all three nitrate O atoms are solvated
essentially all of the time when the ion is on the surface of the
cluster.

Overall, the preferred nitrate ion location and solvation in
NO3

- · (H2O)32 predicted by the empirical polarizable force field
used in this work compares favorably with the more accurate,
but computationally costly, electronic structure-based EFP
method. In addition to validating the qualitative predictions of
the force field, the fact that a consistent picture emerges from
both approaches testifies to the robustness of the results.

D. Classical Polarizable Force Field Simulations of
NO3

- · (H2O)n, n ) 100, 300, and 500: Evolution of Structural
Properties with Cluster Size. The strong surface propensity
of nitrate in modest-sized (15-32 water) clusters is qualitatively
different from the behavior of nitrate near extended interfaces
of bulk aqueous solutions. The consensus that has emerged
recently from both theoretical and experimental studies is that
nitrate approaches the air-solution interface but does not
strongly adsorb in concentrated bulk solutions.9,13-17 It is
therefore expected that a crossover in the preference from
surface to interior solvation should be observed in clusters at
some point as the cluster size is increased. We have investigated
the cluster size-dependence of nitrate solvation by performing
additional empirical force field based simulations of nitrate-water
clusters with n ) 100, 300, and 500 water molecules.

Water radial density profiles that define the extent of the
cluster are plotted in Figure 6 along with the probability of
finding the nitrate N atom at a distance r from the center-of-
mass of clusters with n ) 100, 300, and 500 water molecules.
For comparison, the water density profile and nitrate distribution
obtained from a simulation of a single nitrate ion in a slab of
864 water molecules with periodic boundary conditions that
generate an extended bulk air-water interface are shown in

Figure 4. Radial distribution functions of water H atoms around nitrate
O atoms in NO3

- · (H2O)32 clusters computed from (a) minimum energy
configurations from EFP calculations with the nitrate ion on the surface
of the cluster and (b) configurations from the force field based MD
simulation. Because of the lack of a well-defined reference density to
normalize g(r) for these small cluster systems, the absolute scale is
arbitrary and has therefore been omitted.

Figure 5. Probability of observing a specific number of solvated nitrate
oxygen atoms as a function of the Onitrate-Hwater hydrogen bonding cutoff
distance in NO3

- · (H2O)32 clusters. (a) Minimum energy configurations
from EFP calculations with the nitrate ion on the surface of the cluster.
(b) Configurations from the force field based MD simulation.

Figure 6. Water density profiles (red curves) and probability distribu-
tions of the nitrate N atom (blue curves) plotted vs the distance from
the center-of-mass in the force field based MD simulations of (a)
NO3

- · (H2O)100 cluster, (b) NO3
- · (H2O)300 cluster, (c) NO3

- · (H2O)500

cluster, and (d) 864 water slab (bulk).
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Figure 6d. The data plotted in Figure 6d confirm that the nitrate
ion prefers the interior and avoids the surface of the solution in
an extended interfacial setting. In the 100 and 300 water clusters,
the nitrate probability distribution displays two peaks, corre-
sponding to interior and surface locations of the ion. In the 100
water cluster, the population at the surface is about three times
greater than the interior, while in the 300 water cluster, the
surface is only slightly favored over the interior. In the 500
water cluster, a distinct surface population is no longer discern-
ible, and population of nitrate that is well-solvated in the
interior of the cluster clearly exceeds that near the surface
of the cluster. Snapshots depicting the preferred location of
nitrate in clusters with n ) 100, 300, and 500 water molecules
are shown in Figure 7.

In summary, this study shows that the nitrate anion in water
clusters prefers to lie on the surface of the smaller clusters
considered here (n ) 15, 32, 100, and 300 water molecules).
However, this preference decreases with an increase in the
cluster size. For a relatively large cluster consisting of 500 water
molecules, the nitrate anion no longer displays strong surface
adsorption, and it spends the majority of the time well-solvated
in the interior of the cluster. This decrease in surface propensity
is presumably driven, in part, by entropy because of an increase
in the ratio of interior sites to surface sites as the size of the
cluster increases. There could also be an energetic component
associated with the organization of the solvent shells around
the ion.

Analysis of nitrate solvation using MD simulations of bulk
solutions reveals a diffuse solvent shell around nitrate, which
is manifested as a broad split first peak in the Nnitrate-Owater radial

distribution function, that contains ∼18 water molecules and
extends to ∼5 Å from the N atom.17 A reasonable hypothesis
is that the interior location of the nitrate ion is disfavored in
the smaller clusters because of the inability to support the
complex solvent organization around the ion that is preferred
in bulk solution. This hypothesis is supported by the
Onitrate-Owater radial distribution functions plotted in Figure 8,
which display two prominent peaks. Except for a disparity in
scale due to the difference in the normalization of bulk and
cluster radial distribution functions, the g(r) for nitrate on the
interior of the 500 water cluster is essentially identical to that
of nitrate in the interior of the extended slab. Thus, the interior
of the 500 water cluster supports the solvation environment
preferred by nitrate in dilute bulk solution. In contrast, the
second peak in the g(r) for nitrate on the interior of the 300
water cluster is suppressed, indicating, remarkably, that the
complex solvation environment preferred by nitrate in bulk
solution cannot be fully accommodated in this large cluster.
Evidently, the full development of the solvent shells provides
additional energetic stabilization that favors the bulk environ-
ment in the 500 water cluster and extended slab.

E. Optimization of Surface and Interior Structures by the
MP2 Level of Theory. MP2 single point energies were
computed for all n ) 32 structures obtained from MP2/EFP
simulations, and the energy differences between the structures
were computed as well. To assess the accuracy of the predicted
structures obtained from the MP2/EFP simulations, we opti-
mized the structures with the MP2 level of theory, computed
the energy differences between the structures, and compared
the results to the MP2/EFP level of theory. Since optimization
with the MP2 level of theory including the Hessian calculations
is computationally expensive, optimization without Hessian
calculations were performed for only three selected structures
obtained from the MP2/EFP simulations: the global minimum
(Figure 1a) and the two lowest-energy interior anion structures
(shown in Figure 1d,e). For the NO3

- · (H2O)32 cluster, both
MP2/EFP and MP2 predict that the nitrate prefers to “sit” on
the surface rather than be in a bulk solvated environmental.
Further, MP2/EFP predicts that the population probabilities of
the surface structures are much higher than that of the population
probabilities of the interior structures, which are so small that
they can be neglected.

However, quantitatively, there are substantial differences
between the prediction of the MP2/EFP method and that of the
MP2 method in the relative energies between the structures.
Table 2 summarizes the differences in the relative energies for
the structures shown in Figure 1. For example, while in the
MP2/EFP simulations, the energy difference between the surface
structure (global minimum; Figure 1a) and the most stable
interior structure (Figure 1d) is 6.9 kcal/mol; after MP2

Figure 7. Representative snapshots from the force field based MD
simulations of (a) NO3

- · (H2O)100, (b) NO3
- · (H2O)300, and (c)

NO3
- · (H2O)500. The snapshots depict the preferred surface location of

nitrate in the 100 and 300 water clusters and the preferred interior
location in the 500 water cluster.

Figure 8. Radial distribution functions of water O atoms around nitrate
O atoms from force field based MD simulation configurations in which
the nitrate ion is in the interior of clusters or a bulk water slab: red,
NO3

- · (H2O)300; blue, NO3
- · (H2O)500; black, 864 water slab.
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optimization, the energy difference between these two structures
is only 0.5 kcal/mol. These results suggest that even though
the global minimum structure is a surface anion, interior anion
structures may be nearly isoenergetic with the global minimum.
Contrary to the results of many studies utilizing inexpensive
empirical potentials, it is possible that n ) 32 is approaching a
sufficiently large enough cluster to complete the first solvation
shell around the nitrate anion and form an interior anion. This
suggests that the hydrogen bonding environment of aqueous
nitrate solutions may be too complex to quantitatively study
with inexpensive model potentials. Though the quantitative
agreement with MP2 is not as good as one would like, it is
important to point out that the MP2/EFP simulations did find
energetically relevant interior anions. The relatively inexpensive
MP2/EFP level of theory is able to obtain energetically relevant
minima at much smaller computational cost compared with MP2
calculations. When the structures are obtained with MP2/EFP
and the relative energies are calculated with MP2, the most
accurate relative energies available for systems of this size can
be obtained for a broad sample of structures.

Comparison of the averaged hydrogen bond distances of each
of the three selected structures obtained in MP2/EFP simulations
and their optimized structures by the MP2 level of theory is
summarized in Table 2. The average Onitrate-Hwater distance
differs between the two methods by only 0.08 Å for the lowest
energy surface anion (Figure 1a), while the average hydrogen
bond distance differs by 0.9 Å. The average hydrogen bonding
distances of the interior structures shown in Figure 1d,e differ
between the two methods by 0.43 Å and 0.1 Å, respectively.
Visual inspection of the structures reveals that the internal
geometries of the water molecules change more than the
placement of the solvent molecules with respect to the whole
cluster. Despite the structural changes that occur during
optimization, the relative energies of the optimized structures
do not differ much from the MP2 single points.

The quantitative differences between the relative energies at
the MP2/EFP and the relative energies at the MP2 level of theory
may be due to dispersion. EFP does not include dispersion
effects while MP2 does. The charge distribution of the nitrate
anion may be complex enough that the dispersion forces between
the solute and the solvent molecules may play a key role in
determining whether or not the anion is completely solvated.
A general potential model, called EFP2, has been developed
and includes dispersion. However, it has not yet been fully
interfaced with ab initio calculations. Studying the importance
of dispersion will be the focus of a future study when the EFP2/
ab initio interface is complete.

These results show that solely relying on model potentials
may not always provide accurate quantitative results for every
cluster size, and checking the results with ab initio methods is
necessary. This serves as a reminder of the importance of ab
initio calculations and verifying results with the highest level
of theory that is computationally feasible.

IV. Atmospheric Relevance of Nitrate-Water Clusters

The formation and growth of new particles in air is important
for understanding and predicting their effects on visibility,
health, and climate.38-40 Elucidating the species involved in
nucleation in particular has been difficult because of the small
size of the clusters and the lack of analytical methods to probe
such small amounts of material. While it is clear that sulfuric
acid is often responsible for new particle formation, there are
intriguing hints that nitrogen may also play a role. For example,
nitrogen and organics have often both been found in sub-10
nm sized particles in some studies, with the organic being more
closely associated with nitrogen than with sulfate.41,42 The form
of nitrogen in the particles is not well-known but appears to be
at least in part, nitrate ions.

The photochemistry of nitrate ions in bulk solution is
well-known:43-45

The overall quantum yields for production of OH and O(3P) in
bulk solutions are φ3 ) 0.009 and φ4 ) 0.001, respectively, at
305 nm.43-45 This photochemistry is important under some
conditions in the atmosphere, since nitrate is a ubiquitous
component of atmospheric aerosols, snowpacks, and urban
surfaces.1 For example, photochemical production of NOx in
snowpacks has been attributed primarily to reactions 3 and
4.46-53

There is reason to believe that the photochemistry of nitrate
ions may be quantitatively and, perhaps, qualitatively different
when the nitrate ion is on the surface compared with the bulk.
At the interface, there is an incomplete solvent cage so that
one would expect less recombination of NO2 with O- and of
NO with O(3P), leading to larger overall quantum yields.54 A
particularly intriguing result from the present study is the high
percentage of surface structures that have only one O atom in
NO3

- that is solvated compared with the bulk, where either two
or all three O atoms are solvated. In addition, a large percentage
of the surface nitrate ions have only one or two water molecules
that are hydrogen bonded to O atoms in the nitrate, whereas
none in the bulk are so under-coordinated. This significant
difference in the interaction of nitrate ions with surrounding
water molecules may change the overall quantum yields for OH
and O(3P) production, and potentially also the relative impor-
tance of these two pathways. For example, enhanced production
of gas phase NO2 seems likely if the nitrate photolyzes while
only one of the oxygen atoms is hydrogen-bonded to water,

TABLE 2: Comparison of the Relative Energies of Surface and Interior Structures for NO3
- · (H2O)32 and of the Averaged

Hydrogen Bonding Distances for MP2/EFP1 Method and MP2 Level of Theory

structure

MP2/EFP1
relative energy

(kcal/mol)

MP2 single point
relative energy

(kcal/mol)

MP2 optimized
relative energy

(kcal/mol)

MP2/EFP1 averaged
Onitrate-Hwater
distance (Å)

MP2 averaged
Onitrate-Hwater
distance (Å)

MP2/EFP1
averaged hydrogen

bondinga (Å)

MP2
averaged hydrogen

bondinga (Å) figure

surface structure 0 2.5 0 1.99 1.91 1.74 1.83 1a
surface structure 0.01 2.5 1b
surface structure 1.0 2.8 1c
interior structure 6.9 0.0 0.5 1.86 1.83 1.78 2.21 1d
interior structure 12.8 8.3 6.9 2.03 1.83 1.74 1.84 1e

a Hydrogen bonding between water molecules that are connected to the nitrate ion and other water molecules.

NO3
- + hν f NO2 + O-98

H2O
NO2 + OH + OH-

(3)

fNO2
- + O(3P) (4)
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compared with the situation in the bulk where two or three of
the nitrate oxygen atoms are hydrogen-bonded.

Enhanced production of the oxidants OH and O(3P) at the
interface may result in unique and, as yet, unrecognized
photochemistry in the atmosphere. For example, some atmo-
spherically important organic gases such as R-pinene55 and
napthalene16,56-58 have significant residence times on aqueous
surfaces. If there is generation of highly reactive OH and O(3P)
nitrate at the interface by nitrate ion photolysis, then there is
the potential for oxidation of the organics adsorbed at the
surface. If the volatility of the organic oxidation products is
small and/or they are soluble, they will remain associated with
the particle. This new mechanism of formation of organics in
particles would lead to an association between nitrate and
organics, especially in the smallest particles where nitrate is
predicted from the current work to reside at the interface.
Clusters of 32-300, where the nitrate ion prefers the surface,
correspond to particles with diameters of the order of 1-2.5
nm in the atmosphere, where nucleation and growth is in the
early stages. Such a mechanism may contribute to the finding
of nitrogen and organics in the smallest particles observed in
Mexico City by Smith and co-workers.41,42 In addition, the
possibility should be considered that, when nitrate begins to
favor the interior for larger clusters, oxidants will continue to
be generated at the surface via formation in the bulk followed
by diffusion to the interface.

Finally, thin films of water exist on surfaces in the tropo-
spheric boundary layer.59 Gaseous nitric acid undergoes rapid
deposition on such surfaces1 and is formed on them via
heterogeneous chemistry such as the hydrolysis of adsorbed
NO2/N2O4.60 Nitrate is also taken up on urban surfaces by the
deposition of nitrate-containing particles. Such surfaces are
known to adsorb organics from air.61-63 Depending on the nature
of water on these surfaces, which is currently not well-
understood,64 nitrate ions may prefer the interface in these thin
films as well, leading to enhancement of the photochemical
oxidations of coadsorbed organics. Relevant to this possibility
is recent work on films of organics and nitric acid by Handely
et al.65 in which photochemical loss of HNO3 was observed and
attributed to photoreduction of the HNO3. Such chemistry on
urban surfaces is not currently included in urban airshed models
because of the lack of data on such processes but is clearly an
area that is potentially important for accurate modeling of urban
airsheds and application to development of effective control
strategies.

V. Concluding Remarks

The structural properties of nitrate-water clusters,
NO3

- · (H2O)n, were explored for a large range of cluster sizes,
from n ) 15 to nanodroplets containing several hundred water
molecules. For the smallest cluster sizes considered, with n )
15 and n ) 32, the electronic structure-based effective fragment
potential (EFP) method was used to compute the structural
properties. The fact that the predictions of this method are in
good qualitative agreement with polarizable force field based
MD simulations lends strong support to the main conclusion of
this study, namely, that the nitrate ions have a strong preference
for the surface in relatively small water clusters. Even though
relatively low-energy interior anions are predicted, MP2 opti-
mizations confirm that the lowest energy structure for n ) 32
is likely to be a surface anion. This surface preference for small
clusters persists, albeit more weakly, for clusters containing
hundreds of water molecules with sizes on the order of
nanometers. A crossover from a preference for surface solvation

to the predominance of interior solvation that is characteristic
of bulk solution interfaces is observed to occur between n )
300 and n ) 500 water molecules, although the fully optimized
MP2 results suggest that the crossover may occur at smaller
cluster sizes. The photochemistry of nitrate anions could be
significantly altered by their presence at the surfaces of such
water clusters, films, and other systems compared with the bulk,
and this may play a role in new particle formation in the
atmosphere as well as in the chemistry and photochemistry of
nitrate in thin water films on surfaces. Experimental and
additional theoretical studies are underway to explore this
possibility.
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